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on behalf of the JEM-EUSO Collaboration
1 Institut für Astronomie und Astrophysik, Universität Tübingen, Tübingen, Germany
2 Department of Physics, University of Torino, Turin, Italy
3 Institute of Experimental Physics, Slovak Academy of Science, Kosice, Slovakia
4 NASA/Marshall Space Flight Center, Huntsville, USA
5 APC, University of Paris Didetot, Paris, France
6 Instituto de Ciencias Nucleares, Unversidad Nacional Autónoma de México, Mexico City,
Mexico
7 ISDC Data Centre for Astrophysics, University of Geneva, Versoix, Switzerland
8 Department of Astronomy & Astrophysics, Kavli Institute for Cosmological Physics,
The University of Chicago, Chicag, USA
9 Department of Physics, Colorado School of Mines, Golden, USA
E-mail: shinozaki@astro.uni-tuebingen.de

Extreme Universe Space Observatory on-board the Japanese Experiment Module (JEM-EUSO)

is a mission devoted to the observation of ultra-high energycosmic rays (UHECRs) around and

above the Greisen-Zatseptin-Kuzimin energy at∼ 5×1019 eV. The origin of these enigmatically

energetic cosmic rays remain an open question since their discovery more than 50 years ago.

High statistics on UHECRs are essential to provide key information to answer this question and

necessitate very large exposures to overcome their extremely low flux of an order of a few events

per square kilometer per century. JEM-EUSO is designed to measure the air showers induced

by UHECRs using a super-wide field-of-view ultra-violet fluorescence telescope pointed down-

wards on Earth’s nighttime atmosphere. Orbiting onboard the International Space Station (ISS),

JEM-EUSO rather uniformly covers the entire Celestial Sphere, allowing a thorough analysis

of the UHECR arrival direction distribution. In the presentwork, we introduce a design of the

JEM-EUSO telescope suitable for using the Space-X Falcon 9 rocket and the Dragon spacecraft

for transport to the ISS. This design allows for accommodation of the telescope with equivalent

or slightly improved performance than that studied for H-IITransport Vehicle option. We then

discuss the expected performance, in particular the scientific objective of searching the arrival

direction distribution of UHECRs for their origin through simulation studies.
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1. Introduction

The nature of the ultra-high energy cosmic rays (UHECRs), referred toas energiesE0 & 5×
1019 eV hereafter, remains a long standing mystery in astrophysics [1]. Their extremely low fluxes
of the order of few event per km2 in centuries has limited advancement of our knowledge about
them. No sources have been identified as their origin by ground-based observations even using a-
few-1000-km2 effective area air shower arrays. Thus, dramatic increases in observation capability
are desired in the forthcoming era for UHECR physics.

The JEM-EUSO (Extreme Universe Space Observatory on-board the Japanese Experiment
Module) mission [3, 4] is a novel approach to investigate UHECR [5] by fluorescence technique
from space. It is designed to operate on the Exposed Facility of the JEMKibo module of the
International Space Station (ISS) [6]. At a nominal altitudeH0 ∼ 400 km from Earth’s surface, it
completes an orbit every 90 minutes with an orbital inclination of 51.6◦.

The main telescope of JEM-EUSO watches a large area of the nighttime atmosphere and de-
tects the fast moving light spots resulting from air showers. Using refractive Fresnel optics [7]
results in a super-wide field-of-view (FOV;∼ 60◦φ) for observing air shower events. The focal
surface (FS) is covered with an array of 137 photo-detector modules (PDMs), each of which is
formed from 36 multi-anode photomultiplier tubes (MAPMTs) with 64 pixels each [8]. Utilization
of silicon photomultiplier (SiPM) is also under consideration [9]. Along with elaborate electronics,
the MAPMTs allow high resolution imaging with∼ 3×105 pixel over 2.5µs intervals. An atmo-
spheric monitoring (AM) system [10] is used to determine the cloud coverageand properties of the
atmosphere in the FOV.

In the present work, we estimate the fundamental performance of JEM-EUSO under a launch
scenario utilising the Space-X Dragon spacecraft [11]. The JEM-EUSO will be mounted in the
unpressurised section of the Dragon trunk for transport [12]. Space-X began regular operation in
2012 to deliver cargo to the ISS. The Dragon spacecraft is launched into orbit on Space-X’s Falcon
9 rocket. Based on a preliminary design of the telescope for this option, we estimate the expected
exposure for arrival direction distribution analysis and discuss the relevant issues.

2. Observation of air showers by JEM-EUSO with Space-X Dragon option

To simulate air shower and detector response, we employ the ESAF (EUSO Simulation and
Analysis Framework) package [14]. The JEM-EUSO configuration is nealy the same described
in the other scenarios [15] expect for the modifications required for accomodation in the Dragon
spacecraft. The influence of clouds is modeled based on TOVS satellite database [16]. The clouds
are characterised by the optical depth of the cloud;τC, and the height of the cloud;HC.

In Figure 1, the top panel shows the arrival time distribution of photons to JEM-EUSO from a
typical air shower ofE = 1020 eV with a zenith angleΘ = 60◦ [17]. Three different atmospheric
conditions are considered as described in the legend. The bottom panel displays the time-integrated
images of signals on the FS detector for these cases. Signal counts per pixel are indicated by filled
squares. The position along the horizontal axis corresponds to the arrival time in the top panel.

In air shower observation from space, fluorescence light is the dominant component along with
a small fraction of Cherenkov light that is scattered in the atmosphere. In addition, a space-based
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Figure 1: Arrival time distribution of photons (top panel) from
a typical air shower ofE0 = 1020 eV andΘ = 60◦. Time-
integrated signals on the FS detector is shown (bottom) for dif-
ferent atmospheric conditions [17]. See text for detail.

Figure 2: Dragon trunk captured by
RMS of the ISS (top panel). Artist’s
view of the JEM-EUSO accommodation
in Dragon (bottom).

observatory may also detect the reflection of Cherenkov photons from bodies of land or water as
well as clouds. These reflected signals, referred to as ‘Cherenkov footprint,’ can provide a valuable
piece of information on the trajectory and timing of the air shower.

For air showers of a given energy, intrinsic observable properties are predominantly deter-
mined by the zenith angle. For large zenith angles, the signals incident on the detector are more
intense, have a longer length of the projected track and have a longer duration. These effects all
contribute to increase the efficiency of the event trigger as well as subsequent event reconstruction.

While the space-based observation technique has been investigated, the design of the JEM-
EUSO telescope must be modified to utilize the Dragon option. Preliminary studies have been
completed using the physical dimensions of the Dragon trunk [11]. These constraints limit the
dimensions of the telescope, but in general several advantages are expected in comparison to the
H-II Transfer Vehicle (HTV) option.

Figure 2 shows the Dragon spacecraft captured by the remote manipulatorarm (RMS) of the
ISS in the top panel. An artist’s view of the JEM-EUSO accommodated in Dragonis illustrated in
the bottom [11].

The payload capacity of Dragon is 6000 kg and is shared between pressurised and unpressurised
cargos. The unpressurised cargo volume in the trunk is 14 m3. The trunk is cylindrical with tapered
and straight sections. The diameter of the trunk is 297 cm. The maximum length ofthe payload
volume in the trunk is 221 cm. The avionics tray on the second stage of the Falcon 9 extends up
into the centre of the trunk that reduces the length of the payload volume to 178cm. This is an
annular region 46 cm deep lying between the avionics tray and the inner surface of the second
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2.5m φ

Figure 3: Alignment of 137 PDMs on the focal sur-
face. See text for detail.

Figure 4: Illustrative image in nominal FOV seen
from Caltanissetta, Sicily at 400 km altitude. See
text for detail.

stage extension. To accommodate JEM-EUSO in the Dragon trunk several modifications to the
JEM-EUSO design is investigated (see Reference [12] further details).

Figure 3 shows the alignment of 137 PDMs on the FS structure assumed in the present work.
The solid line indicates the minimal area that is needed for PDMs allocation on the FS. The dashed
circle represents the projection of the front lens entrance aperture andis 2.5 m diameter. Note that
the geometry of the FS is approximately spherical and the inclination of PDM front surfaces vary
up to∼ 22◦.

Figure 4 illustrates nominal FOV of JEM-EUSO when the ISS is flying above Caltanissetta at
H0 = 400 km. The image of terrestial light on Sicily, area is ca. 26,000 km2, as seen by the FS
detector was generated using DMSP data [13].

In the original design for the HTV option, the JEM-EUSO telescope is attached to the HTV’s
Exposed Pallet at the entrance aperture of the telescope. Flying on Dragon makes it possible to
attach JEM-EUSO inside the trunk by the FS structure. This should result in adesign for JEM-
EUSO that saves weight. In the HTV design it is necessary to trim the sides ofthe lenses and the
FS to fit in the HTV payload volume. As the Dragon trunk has a nearly circularcross section,
the lenses and FS in JEM-EUSO can be round; potentially improving the aperture of the optics
compared to the HTV option. By accommodating the same number of PDMs on the FS, a similar
observation areaSobs[km2] ∼ 1.4×105 · (H0/400[km])2 is achieved for nadir observation.

3. Exposure for arrival direction distribution analysis

For scientific objectives, the observed air shower events should be selected wtih criteria to
maximise statistics and insure the quality of event reconstructions. The formeris the key point
of great importance that should be pursued with space-based UHECR observations. The latter is
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Figure 5: Probability of trigger as a
function of core locations for UHECRs with
E0 > 5 × 1019 [eV]. See text for details.
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Figure 6: Expected annual exposure for different criteria
as a function of energy. Referential±20%-uncertainty in
SNR andÃ are indicated. See text for detail.

less pronounced compared to the ground-based observatories, eventhough proper selections are
needed to achieve the scientific object. In the present section, we discussthe expected exposure
for the different event selection criteria. To compare with other experiments, ‘annual exposure’ is
used, which gives the average growth of exposure for each year ofoperation. To estimate it, we first
evaluate the instantaneous apertureasel for given criteria by generating a large amount of simulated
air showers. The trigger algorithms at two sequential levels are then appliedto this data [18, 19].

In Figure 5, the trigger probability as a function of core location within the FOVis shown by
colour scale for incident UHECRs withE0 > 5×1019 eV. The coordinate of the core locations is
given by each axis. Fluxes of UHECRs observed by the Pierre Auger Observatory [20] are assumed
to weight each simulated event. Dashed lines indicate the boundary of the nominal FOV viewed
for the outer most MAPMTs.

All the data from the FS detector for triggered events are then analysed. Among simulated air
showers with energyE0 in the areaSsim ≫ Sobs and solid angle acceptanceΩsim = π [sr], for any
arrival direction withΘ= 0◦ to 90◦, the selection probabilityPsel is evaluated;asel(E0) ≡ SsimΩsim·

Psel(E0). In the present work, the referencea(E0) is calculated under a constant background level.
The dominant background source is airglow, while moonlight, can also contribute via reflection
from Earth’s atmosphere or surface. Recent EUSO-Balloon measurements have shown a positive
correlation between the background intensity and cloud presence [21].

These factors may be empirically scaled by the signal-to-noise ratio (SNR) withrespect to the
referencea(E0). Approximately, the SNR is linearly increased by the overall efficiency of photon
detection and is reduced by square root of background level [15]. The former is applicable to using
different FS detectors such as SiPM. The latter includes the effect of clouds which is preliminarily
assumed by model [14]. The effect of moonlight and the fraction of areas with intense local light
( floc = 10 %) have been studied [15]. Including these factor one can estimate the exposure for
given selection criteria as follows:

Ã(E0) =
∫ Topr

0
asel(SNR·E0) dt · (1− floc). (3.1)
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The SNR is also a function of time due to variability in the background level during the operation
periodTopr.

In Figure 6, expected annual exposures are plotted for different selection criteria as a function
of energy in units of km2 sr yr (=linsley) per annum. Closed triangles and circles represent different
observational duty cycleη of: A) 25% and B) 20%, respectively. Closed squares denote: C)
moonless condition forη = 17%. Open diamonds show: D) estimated values for the case of A)
but tilting JEM-EUSO 30◦ from the nadir. Uncertainty of±20% in SNR and exposure are shown
as error bars as a reference.

The fraction of time that the ISS stays in the Earth’s umbra is∼ 34%, otherwise SNR = 0
is applied to Equation (3.1) due to sunlight. Allowing higher background levelincreases the
observational duty cycle; the fraction of time that air shower observationscan be made. The JEM-
EUSO trigger algorithms apply a dynamical threshold setting that depends on the background level
provided it is not too high to prevents operating properly in photon countingmode. It should be
noted that they are not restricted simply by the presence of the moon in the sky. The case A) is still
below this limit, while B) has been the case assumed in our previous publications [15, 17].

Curve D) shows the estimated annual exposure for tilting JEM-EUSO by adjusting the obser-
vation area and SNR relative to those for the nadir observation [22].Sobs approximately scales by
∝ 1/cos3 ξ whereξ is the angle of tilting JEM-EUSO from the nadir. This tilting helps compen-
sate for a decrease of observation area in case the ISS orbits at lower altitudes. Compared to the
nadir observation, the distance to air showers from JEM-EUSO increases by a factor of∼ 1/cosξ .
The off-nadir observations have the potential to increase exposure atthe highest energies where
UHECR flux is extremely low.

In Figure 7, the occurrence of clear atmosphere (CA) or low-cloud (LC) is shown in the region
where the ISS orbits assuming the TOVS data [16] (quoted from Reference [17]). The criteria of
CA and LC areτC < 0.1 andHC < 3.2 km, respectively. These conditions allow measurement
of the shower development for better event reconstruction (see also Figure 1).

Even in the case with low-cloud, the so-called shower maximum is observable above the cloud
in most cases except for air showers at small zenith angles [15, 17]. Determinations ofXmax, the
atmospheric depth at shower maximum and energy are feasible with reasonable quality [23].

Determination of the arrival direction [24] is a stable part of the data analysis. Since it only
depends on the apparent velocity of light spot movement along the showeraxis, observation of
shower maxima is not essential despite a reduced trigger probability for cloudy conditions. In ad-
dition to the favourable conditions assumed in Figure 7, most triggered air shower events contribute
to the statistics for arrival direction distribution analysis [25]. In particularat the highest energies,
the number of events can increase by analysing the events obtained in higher background and/or
cloudy conditions. A recent study indicates that the errors in arrival direction are mainly correlated
to the intensity of the signals on the FS detector [25], independent of atmospheric conditions.

In Figure 8, the uniformity of exposure is shown in equatorial coordinatesfor the case A) in
Figure 6 at the highest energies. The colour scale corresponds to the deviation that ranges within
∼ ± 10% from the average over the entire Celestial Sphere.

It is worthwhile to note that unlike ground-based observatories JEM-EUSO has better sensi-
tivity for air showers with large zenith angles. Observation of the entire Celestial Sphere is feasible
thanks to the orbitting platform of the ISS. After a few years of operation, ahigh degree of unifor-
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Figure 7: Occurrence of clear atmosphere or low-
cloud on geographical coordinates, based on the
TOVS database [16]. See text for details.

Figure 8: Exposure uniformity on equatorial
coordinates for Case A) in Figure 6. The range
colour scale corresponds to∼ ± 10% deviation.

mity in exposure will be achieved. Minor inhomogeneity appears periodically inright ascension
related to the moon phase as well as seasonal variation of twilight-free observation time. The cloud
effect depends on energy and tends to affect uniformity along declination according to latitudinal
dependence seen in Figure 7.

4. Summary and discussion

In the present work, we discuss the expected performance of JEM-EUSO adopting the Space-
X Dragon option. Based on the current design study for the accommodationof the JEM-EUSO in
the Dragon trunk, the expected exposures are estimated through simulation studies. The status of
this option can be found in Refernce [4].

The preliminary result indicates that above∼ 6× 1019 eV the expected annual exposure is
∼ (5−9) × 104 linsleys per annum, depending on the observational duty cycle applied to data ac-
quisition. This corresponds to about 6−10 times higher than can be potentially achieved by Auger.
Thanks to the orbiting platform of the ISS, full celestial sky coverage of UHECRs is achievable
with a high degree of uniformity in a few years of operation.

These features are considerable advantages compared to the ground-based observatories. In
particular for the arrival direction distribution analysis, anisotropy studies with high statistics will
be feasible with JEM-EUSO without geographical constraints. So far, both Auger and Telescope
Array reported at least∼ 3σ -level significant excesses in arrival direction distribution separately
observed in each hemisphere. Furthermore, a discrepancy in energy scales of UHECR energy
spectra has been extensively argued. Observations with a single detector like JEM-EUSO allows
reducing such systematic effects in the reconstruction of observed air showers and for example,
helps clarify the reason of these results of UHECR source distribution, unifies all events to a single
energy scale and may clarify any further differences reported from experiments with restricted
observation capabilities.
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